Oil-water partitioning, solubilities, and vapor pressure experiments on smallmolecule compounds are often used as models to obtain energies for biomolecular modeling. For example, measured partition coefficients, K , are often inserted into the formula −RT ln K to obtain quantities thought to represent microscopic contact interaction free energies. We review evidence here that this procedure does not always give microscopically meaningful free energies. Some partitioning processes, particularly involving polymeric solvents such as octanol or hexadecane, are governed not only by translational entropies and contact interactions, but also by free energies resulting from changes in the conformations of the polymer chains upon solute insertion. The Flory-Huggins theory is more suitable for these situations than is the classical approach. We discuss the physical bases for both approaches.
PERSPECTIVES AND OVERVIEW
Oil-water partitioning experiments on small molecules have long been used to estimate energies for biomolecular modeling. From measurements of equilibrium partition coefficients K = ρ 2 /ρ 1 (molar concentrations) or K = X 2 / X 1 (mole fraction concentrations) of a solute in two phases-oil and water, or vapor and water, for example-standard state chemical potentials are obtained using -RT ln K and are interpreted as microscopic contact free energies. This computational procedure does not always give meaningful microscopic energies, however.
A solute molecule tends to concentrate in phases for which it has chemical affinity, but the tendency to concentrate is opposed by the translational entropy. We describe instances in which other forces also act on solute partitioning. Proper microscopic models are needed to describe the actions of such forces; otherwise, there is no way to extract microscopic energies from the partitioning data. Such solution complexities are different from those accounted for by typical activity coefficients. Activity coefficients apply when there are solute-solute interactions. Here our focus is on solvent-solvent complexities, which do not vanish in the limit of infinite solute dilution. Many studies have examined the partitioning of homologous series between fixed solvents (e.g. octanol and water), but few systematic studies of the solvents have been carried out. We review those studies here and find that when the solvents are polymeric, the Flory-Huggins theory gives a suitable accounting for the chain-length dependence of the solvent contributions. When solvents are globular, classical theory is more appropriate.
Two physical principles have been proposed to account for such solution complexities: steric interference among the polymer chains or volume changes upon solvation. Based on the low compressibilities of polymer solutions, and on the successes of classical solution theory in accounting for Shinoda and Hildebrand's data on globular solvents (53, 101, 102) , we believe the dominant effects in complex solutions are the result of steric interference. On this basis, our best estimate for the strength of hydrophobic interactions from oil-water partitioning, based on water-cyclohexane transfers of alkanes (90) where the area is the solvent accessible area (71) , is 34 calÅ −2 mol −1 .
PARTITIONING AND SOLVATION ENERGETICS FOR SMALL MOLECULES ARE USED WIDELY FOR BIOMOLECULAR MODELING
When ligands bind to biomolecules, when drugs enter biomembranes, or when a protein or RNA molecule folds, individual amino acids, nucleotides, or other substituents are stripped of water and they come into contact with each other. Figure 1 shows the contact formation process. One approach to computing free energies, enthalpies, and entropies of the conformations and binding of biomolecules has been to sum such contact interactions. For example, the free energy of protein folding would be computed by (a) counting the number of contacts between amino acid types i and j in the native state, (b) multiplying the number of contacts of type (i, j) by some relevant contact free energy specific to the given pair of amino acids, (c) summing over all amino acid pairs, and then (d ) subtracting the equivalent quantity for the denatured state. This approach relies on knowing the elemental free energy of each contact. Since the pioneering work of Jacobsen & Linderstrøm-Lang (60), Kauzmann (61) , Schellman (96) , Brandts (17) , and Tanford (107) , such elemental contact free energies have often been obtained by partitioning or solvation experiments on model compounds. In these model experiments, some small molecule resembling monomer i partitions from water (representing the solvated denatured state) into oil, vapor, or some other medium that resembles the environment provided by spatial neighbor residue j (Figure 1, bottom) .
Such a paradigm has been used in many situations. Data from oil-water and vacuum-water partitioning of small molecules are used extensively to quantitate the hydrophobic effect (24, 25, 46, 57, 86, 87, 109, 112, 116, 117, 119) and are applied to modeling biomolecular processes (17, 26, 31, 61, 72, 78, 107) . Atomic and group solvation parameters (28, 29, 73, (78) (79) (80) (88) (89) (90) have been obtained by correlating transfer free energies with solvent-accessible surface areas (28, 50, 71, 91, 92) , or molecular surface areas (59, 91a, 109a) . These contact energies are applied to drug design (49) ; force-field algorithms (113) ; enzyme mechanisms (32) ; and to modeling the partitioning of small molecules into membranes, fats, or lipids (22, 114) . They are used to rationalize changes in protein stability that result from single-site mutations (30, 58, 62, 63, 69 , Here the solvent molecules are not depicted. Right: inserting a solute into a polymeric solvent, such as octanol or hexadecane, can also alter the chain conformations. 74, 81, 104, 105) , and to predict thermodynamic properties of compact denatured states and partially folded or molten-globule states of proteins (44, 54, 118) . They are used for determining the disposition of drugs and metabolites throughout the body as toxins. Their applications include fields as diverse as the molecular mechanism of general anesthesia (33) and the distribution of pollutants in the environment (97) .
These processes of binding, solvation, partitioning, and folding involve a similar microscopic exchange in which a molecular substituent moves from one chemical environment to another. We call these environment swap processes, and we call the elemental contact free energies, enthalpies, and entropies environment swap energies (ESEs). Model partitioning and solvation experiments are used to determine ESEs for computing biomolecular change. For this purpose, thermodynamic and statistical mechanical procedures are needed to extract ESEs by subtracting irrelevant (unwanted) free energy components from measured chemical potentials. Here we review evidence that current standard procedures often do not give the correct values of the ESEs. Figure 1 shows environmental swap processes. We first consider the common procedure for extracting ESEs from partitioning experiments. A solute s partitions between one medium (e.g. water; labeled "1") and another (e.g. oil; labeled "2"). Two factors determine the equilibrium concentration of s in each phase: (a) the relative chemical affinities of s for media 1 and 2, and (b) the entropy of mixing and distribution. The chemical potential µ s,1 of s in medium 1, in its common form µ s,1 = µ 0 s,1 + RT ln γ X s,1 describes these two tendencies, where R is the gas constant, T is absolute temperature, γ is an activity coefficient, and X s,1 is the mole fraction of s in medium 1. When the solute concentration is very low, γ = 1. The term µ 0 s,1 is then commonly taken to represent the chemical affinity of s for solvent 1. The quantity RT ln X s,1 is a free energy that represents the change in mixing entropy resulting from introducing a solute molecule into the solution. This mixing entropy arises from the translational freedom of the solute. That is, the solute can reside in different spatial locations throughout the solvent 1. This translational entropy depends on the solute concentration. Adding a solute molecule into a dilute solution increases the mixing entropy more than adding the solute to a concentrated solution.
HOW ARE MICROSCOPIC ENERGIES OBTAINED FROM PARTITION AND SOLVATION EXPERIMENTS?
At equilibrium,
and there is a balance of forces: The solute tends to concentrate in the phase for which it has the greater chemical affinity, but this tendency is opposed by the mixing entropy, which drives the system toward uniformity of concentrations. The solute concentrations measured in the two phases at equilibrium are determined by this balance. The quantity we seek from the partitioning experiment is the free energy of swapping environments of the solute: Medium 1 is replaced by medium 2. The difference in chemical affinities is commonly assumed to be given by µ 0 ≡ µ 
where the partition coefficient K = X s,2 / X s,1 is the ratio of equilibrium mole fractions (109) of s in the two phases.
Another common procedure is to use Equation 2 to obtain ESEs but with K defined instead as the ratio of equilibrium molarities (number densities) (7, 9) of the solutes in the two phases (8, 108) , K = ρ s,2 /ρ s,1 . The use of mole fractions is based on the assumption that the sizes of the solute and solvent molecules are approximately equal; the molarity method is more general. When the chemical potential is expressed as
the term RT ln ρ s,1 is exactly the free energy contribution resulting from the gain in translational freedom of the solute when it is added to the solution. This interpretation applies to any solution without regard to the sizes or shapes of the solute and solvent molecules. It follows that the term µ * in Equation 3 always represents the interactions between a solute at a fixed position in space with the rest of the solution (7, 9, 10, 15, 19) . Hence the ESE from Equation 2 with K = ρ s,2 /ρ s,1 at low solute concentrations is the difference in interactions between the solute and the two solvents when the solute is at fixed spatial position in each solvent.
In general, the ESEs obtained by using the mole-fraction and molarity procedures are different because
where V 1 and V 2 are the molar volumes of the two solvents. But this ratio of volumes is unimportant when the quantities of interest are the differences, (ESE), for different solutes, rather than the ESEs themselves. For example, the group contribution to the oil-water partitioning of homologous series such as n-alkanes is µ 0 = µ * (108) . The relative molar volumes of the oil and water solvents are identical whether the solute is propane or pentane in this series, so the CH 2 group contribution is independent of this volume ratio. We refer to both mole-fraction-based and molarity-based procedures as classical approaches to obtaining ESEs.
Here we review evidence that the solvents in some popular partitioning processes are sufficiently complex that classical approaches, as summarized by Equation 2, which involve subtracting only RT ln (concentration) from the chemical potential, may not give an accurate recipe for extracting ESEs from experimental data. In complex media, solute partitioning may be driven by more than just the chemical affinities of s with the two media (1 and 2) and simple center-of-mass translational entropies in the two phases. Additional forces may also be at work. For example, one phase might involve polymers (such as hexadecane or octanol), for which there may be conformational entropy changes upon solute insertion (see Figure 1 ), or one phase might involve nonspherical solvent molecules, for which dissolving a solute may cause changes in rotational entropies. In these situations, the chemical affinities are not necessarily given correctly by the classical approaches. Instead, the recipe becomes
where f c is some function that accounts for the additional free energies of partitioning that are not accounted for by the classical approach. Here we define f c using molarities, K = ρ 2 /ρ 1 in Equation 5 . The subscript c indicates that in many cases this factor describes some coupling of degrees of freedom, such as translational and configurational freedom in polymer solutions. Coupling is described in more detail below. If the experiment involves complex solvents for which the function f c is unknown, then it will not be a useful experimental paradigm for giving the ESE quantities we need for biomolecular modeling. To avoid this problem, solvents must be chosen carefully and better theoretical models are needed. For the molarity-based classical approach, f c = 0. For the mole-fractionbased classical approach, f c = RT ln(V 1 /V 2 ) depends only on the solvents and not on the solute. But for complex solvents, f c can depend on the sizes and shapes of both the solute and solvent molecules (65) . Such complexity or "nonideality" represented by the dependence of f c on both solute and solvent properties is not equivalent to the nonidealities usually captured by activity coefficients. Rather, f c accounts for complexity in the solvent, not interactions among solute molecules at nonvanishing concentrations. We focus here only on systems with solutes close enough to infinite dilution that there are no solutesolute interactions.
Considerable controversy (1, 11, 12, 15, 19, 45, 55, 56, 59, 65, 66, 70, 90a, 95, 98, 106, 109a, 110, 111) has arisen over the suggestion (23, 99, 100 ) that some ESEs are more suitably obtained using the Flory-Huggins (FH) theory (37) than using classical approaches. FH theory gives
where V is the molar volume of the solute. When the solute is identical to component 2 and is transferred from solvent 1 to the pure phase 2, V becomes V 2 and Equation 6 reduces to
FH theory was developed for polymer solutions based on lattice modeling using mean-field approximations (21, 37 Figure 2) . The numerical values of hydrohobic interactions per unit area are different (59, 109a) if molecular surface areas (91a) are used instead of solvent accessible areas (71) . For simplicity, in this review we give hydrophobic scales only in solvent accessible areas. It is not our goal here to address the question of which area measure is more appropriate (59, 109a) . No matter what area measure is adopted, there is always a substantial difference in the extracted hydrophobic strengths (of the same order of magnitude) depending on whether classical or FH theory is used. Since protein folding involves the burial of tens of thousands of square angstroms of surface, the two models lead to large differences of 100-200 kcal mol −1 in the hydrophobic terms used in folding algorithms.
This difference raises the following questions: (a) Which approach, Equation 2 or Equation 5, is more appropriate for extracting contact free energies? (b) Why? What are the physical bases for these approaches? (c) Are there more accurate ways to extract ESEs than either classical or FH approaches? Although these issues are relatively new in biochemistry, some of them were raised many years ago by Flory (35) (36) (37) (38) (39) and Hildebrand (51) (52) (53) (101) (102) (103) , among others.
A Problem of Statistical Mechanics, Not Thermodynamics
We first need to define the problem of interest here, because much of the controversy has arisen from misunderstanding the goal. Our aim is to determine, for any given experimental partitioning process, the function f c in Equation 5 that extracts correct microscopic ESEs from the data. Our interest is not in how to best fit the data (45, 111) , or how to choose a thermodynamic reference state (55, 70) , or whether the concentration units should be mole fractions or volume fractions. Thermodynamics readily allows the interconversion of concentration units and of standard states, as noted above. But thermodynamics says nothing about microscopic quantities. Reference states are fictitious constructs chosen to fix certain arbitrary parameters in empirical thermodynamic equations.
Rather, we focus on a problem of statistical mechanics: What is the microscopic meaning of certain physical quantities that are obtained from experiments? This is a problem of rooting out errors introduced by assumptions, approximations, and interpretations in microscopic models that are commonly invoked for understanding the transfer process at the molecular level. It is a problem of correctly accounting for the distributional entropies in complex solutions. The more unequivocal we hope to be in understanding the microscopic interactions that drive partitioning processes, the more rigor we require in statistical mechanical modeling of the experimental solutions used in biochemistry and pharmaceutical science-liquid solvents such as water, octanol (31), n-alkanes (75) cyclohexane (90), or solids like diketopiperazine (48, 76) .
Determining Contact Free Energies Can Require Different Treatments for the Aqueous and Oil Phases
How strong are hydrophobic interactions? How do we obtain the correct ESE for a solute transfered from water to oil? We first divide this process into vacuum-oil and vacuum-water transfers (see Figure 1 ):
These two steps each require a different model.
We first consider the vacuum-to-water step ( Figure 1 , left). When a solute enters water, it may cause local ordering of the water, or even distant structural changes in the water network. It may change the local packing and energetics of water around the solute, or it may propogate density changes more globally. It is the sum total of these effects, enthalpic and entropic, that should define the vacuum-water ESE, since these are the same disruptions and distortions of the solvent that are also relevant to breaking a biomolecular contact in water. Therefore, for the vacuum-water step, we want ESE = µ * s,water , which is the total of all free energy changes that happen to the solute at fixed position under constant pressure. For this step, ESE(vacuum→water) is given by the molaritybased classical approach: Subtract RT ln ρ from µ.
But modeling hydrophobic contacts by vacuum-to-oil transfers is more complex, for two reasons. First, it is unclear which oil is the "right" medium to model contacts and burials. The hydrophobic core of a protein may sometimes be better represented as a solid state (48, 76) than as a liquid hydrocarbon. Second, when a solute enters a polymeric solvent, chains must reconfigure. This change in the solvent chain entropy is not part of the ESE we want because it is not ultimately relevant to biomolecular contacts (Figure 1, right) . We want the ESE to capture only the chemical interactions of the solute in a methylene-group environment. When the ESEs are applied in biomolecular modeling, the biomolecular model itself must then supply an appropriate treatment of the biomolecular conformational entropies in folding or binding. The biomolecular conformational entropies are completely different than the chain entropies of the oil-phase solvents used to model particular chemical environments.
Experiments summarized below on the solvation of benzene (23) and xenon (83) (84) (85) in alkanes indicate that a solvent made of sufficiently long polymers cannot be regarded as a "sea of monomers." Therefore the f c (vacuum→oil) that we seek is not the sum total of all free energy changes caused by inserting the solute at fixed position and pressure. Rather, we must remove from this total fixed-position free energy all unwanted contributions from changes in the solvent configurational entropy. In this case, we must use ESE(vacuum→oil) = µ * s,oil + f c , with an appropriate nonzero function f c = f c (vacuum→oil). We advocate treating vapor-water transfers by the molarity-based classical approach with f c = 0 and the vapor-polymer transfers by FH or some other polymer theory. This approach differs from previous proposals to apply FH to both the oil and aqueous phases (23, 100) . We believe the present logic applies even when the solute is of different size than water. The central question is not whether molecular size per se affects the solvation entropy (98) but rather whether such size effects should be considered unwanted for the biomolecular modeling of interest, and therefore should appear in the f c function, or whether such size effects are relevant to the biomolecular contact process and should appear in the ESEs. Exploration of different model-compound solutes (31, 48, 72, 76, 112, 116) and accurate calculation of their solvent-accessible surface areas (20, 116) can help clarify these questions.
PARTITIONING EXPERIMENTS IN WHICH THE SOLVENTS ARE VARIED SYSTEMATICALLY
Most work on model compound partitioning has been based on systematic studies of a series of solutes-homologous series of alkanes or alcohols, for example-that are partitioned between two given solvents, octanol and water, for example. We focus here on a few studies in which the solute is fixed and the solvent is varied systematically. Only the latter type of study can address the issues of solvent complexity we consider here.
Two models have been used to rationalize solvent effects: the mole-fractionbased classical model, where the ESE is given by −RT ln(X s,2 / X s,1 ), and the FH model, where f c is given by Equations 6 and 7. Supporting the FH model are data on benzene as solutes in alkane solvents of different chain lengths. White & Wimley (114) have also suggested that the partitioning of peptides into lipid bilayers is better rationalized by FH than by classical theory. Supporting the classical model are Shinoda & Hildebrand's data on iodine in near-globular and short-chain solvents (53, 101, 102) .
Benzene Partitioning from Water to Alkanes Is Better Rationalized by Flory-Huggins Theory
How should we choose a theoretical model to interpret partitioning experiments? The following argument is the basis for the interpretations below. Suppose we transfer a solute s from water into a nonpolar medium of alkyl chains. What we want from this experiment is an environmental swap energy that is independent of the alkyl chain length of the solvent, because the ESE should reflect only the chemical change seen by one s molecule as it moves from water to the nonpolar alkyl medium. An s molecule should see essentially the same nonpolar environment whether the alkyl solvent is octane or hexadecane. According to this argument, any theoretical procedure that produces an ESE that depends on the chain length of the alkyl solvent is not accurately giving the ESE alone.
On this basis, De Young & Dill (23) found that the FH theory better accounts for the partitioning of benzene from water to alkanes of different chain lengths than do the classical approaches ( Figure 3 ). The FH approach gives an ESE that is independent of the lengths of the alkyl chain solvent molecules, whereas the classical approaches do not.
Globular and Short-Chain Solvents Are Better Handled by Classical Theory
The mole-fraction classical theory is better in other cases. Hildebrand and coworkers (53, 101, 102) showed that iodine as a solute in near-spherical solvents of different molecular sizes is better treated by the mole-fraction classical approach than by FH theory (Figure 4 ). In addition, Giesen et al (45) concluded that for some small molecules classical theory gives better fits to some gas-to-liquid transfers than does FH theory. Both classical and FH approaches have been used to interpret effects of single-site mutations on protein stability (30, 58, 62, 63, 69, 74, 81, 105) , but neither is definitive because proteins are complex. Mutations can affect core packing or denatured states in addition to solvation, so their interpretation is not simple. 
THE PHYSICAL BASIS FOR FLORY-HUGGINS-LIKE EFFECTS: STERIC INTERFERENCE OR FREE VOLUME?
The Flory-Huggins theory has been described in terms of two different physical models. According to one model, the FH f c factor arises because of steric interference among the polymer chains (37) . Such steric interference also arises among articulated solvent molecules (19, 65) , in which mass is distributed in a spherically asymmetrical way around the center of mass. The other interpretation is that the FH f c or similar factor is a result of free volume (51, 98) or other volume changes that accompany solvation (100). Free volume describes the packets of empty space that occupy the interstices among molecules. Models based on these different physical assumptions can sometimes lead to the same functional form (Equations 6 and 7) .
The Flory-Huggins theory was developed to account for the extreme nonidealities in vapor pressures of small molecule solutes over solutions with polymer solvents (37). Flory's original model proposed that polymer solution nonidealities were due to steric interference, which he called excluded volume, since they are predicted by a lattice model that neglects free volume. The FloryHuggins f c applies to model incompressible fluids (see below). Hildebrand later developed an off-lattice treatment, which led to an FH-like expression for f c , but it was based on the physics of free volume instead (19, 51 
Coupling and Steric Interference Among Nonspherical Molecules
A general and rigorous theory of solvation (19) based on the particle-insertion formulation of Widom (115) shows that for some solutions, the intermolecular contact free energy we desire is not given correctly by Equation 2. The true contact free energy cannot in general be obtained by subtracting RT ln ρ (or RT ln X ) from the chemical potential µ. Often, neither RT ln ρ nor RT ln X , nor any other function of just concentrations alone, will properly account for the distributional entropy, the number of configurations of the system of solute and solvent. Solvent molecules may have rotational or configurational entropies, in addition to translational entropies. When these other degrees of freedom are affected differently by the solute on two sides of a partition barrier, then such additional entropies will contribute to the transfer process.
The following example illustrates this principle (19) . Figure 5 shows the transfer of the simplest nonspherical molecule on a lattice, a single dimer, from the pure dimer state into an otherwise pure monomer phase. The model is chosen because results can be computed exactly (19, 34) so they cannot be Figure 5 Coupling of steric and translational entropies. The transfer of a dimer from the pure dimer phase to a dilute solution increases both the conformational (rotational) and translational entropies. The exact recipe for extracting ESEs properly is known for this case (19, 34) . dismissed as artifacts of approximations. In the "solution" with monomeric "solvent," a dimer has two possible orientations: vertical or horizontal. This is the basis for its rotational entropy: there are 2 N different orientations of N dimer molecules in a solution at the infinite dilution limit. But the dimer "pure liquid" has κ N = (1.791623 . . .) N configurations (34) because each dimer does not have complete independence in choosing its orientation; it is constrained by its neighbors. Thus one dimer molecule gains an orientational entropy of R ln(2/κ) upon transfer to solution.
How should we extract microscopic energies from this model partitioning experiment? Suppose the solution phase is a lattice with M sites and one dimer. The gain in configurational entropy for transferring one dimer from the pure dimer phase with N dimers to a solution with only one dimer is R ln(2Mκ If we were to use the molarity-based classical prescription, ESE = µ * = −RT ln(ρ 2 /ρ 1 ), based on the assumption f c = 0, then the resulting ESE would not give the microscopic energy we seek; it errs by −0.803RT . If we were to use the mole-fraction-based classical prescription, ESE = µ 0 = −RT ln(X 2 / X 1 ), and again the resulting ESE would not give the correct microscopic energy; it errs by −RT ln(2/κ) = −0.110RT . The µ given by either classical approach will be a complex quantity, having units of energy, but combining the contact interactions with an unwanted orientational contribution.
κ). Thus the ESE when a dimer swaps its monomer environment for a dimer environment is given by ESE
The problem is that to obtain a proper ESE from experimental data, it is necessary to subtract all the relevant distributional entropies from the chemical potential µ, not just RT ln (concentrations). In this example, translational and rotational freedom both contribute and are coupled. This example illustrates a situation in which f c is not a result of free volume, since the model has no empty lattice sites, free space, compressibility, or pressure-volume contributions to partitioning. Rather this model illustrates the steric interference among rods. The quantitative details differ for real anisotropic molecules in threedimensions, but this simple model illustrates the steric interference principle. Figure 6 compares two other transfer processes, to illustrate how polymers differ from simpler liquids. Figure 6A shows a polymer transferred from its pure phase to dilute solution. Figure 6B shows the transfer of a more globular molecule (a large square) from its pure phase to dilute solution (solvent of small squares). The figures are drawn so that both the polymer and the globular molecule have identical sizes: Both solutes are nine times the size of the monomer unit. But the results are quite different. As in the dimer case above, the polymer gains conformational freedom upon transfer into the solution. The polymer can adopt any sterically viable conformation in the solution, but in the pure phase, its conformations are constrained by the conformations of neighboring chains. As in the dimer case, a polymer has fewer conformations on average when its neighbors are other chains than when its neighbors are monomers. The transfer of the polymer into solution is favored by both translational and conformational entropies.
In contrast, the model globular solute does not have any internal entropies. So the globular solute gains only translational entropy, and not rotational or configurational entropies, upon dissolution. It follows that f c will be different for the polymer vs the globular solute transfer. For the square solute transfer process, f c ≈ 0 is a satisfactory assumption because the only entropy gain in the transfer is translational (see below). A main point of Figure 6 is that the coupling term f c in this case does not depend on the relative sizes of the solute and solvent. Rather, f c is dependent on the solvent molecule shapes and on the steric interference that results from those shapes.
The models described above are for the transfer of a solvent molecule from its own pure phase to another. For the transfer of a solute s between two media, neither of which is the pure phase of s, the principles are the same. Putting a small spherical solute into a polymer phase increases the conformational freedom of the polymers (because the solute is diluting the polymeric solvent and thus reduces steric interference among chains), so the configurational entropy gain of the polymer attracts the solute. Figure 7 shows coupling and steric interference. To extract ESEs from experiments, we need to subtract from the full chemical potential a term that accounts for the distributional entropies. Figure 7A shows that for spheres, which have no orientational entropies, only translations contribute to the distribution of molecules. Partitioning can change only the freedom of the spheres to place their relative center-of-mass positions. Figure 7B shows that for rods or polymers, placements of the centers of mass are not independent of the orientations or conformations of neighboring molecules. Figure 7B (a) shows rod orientations or polymer conformations that are compatible, that is, not in steric conflict, with the relative centers of mass shown. 
Effects of Molecular Shape and Articulation
To study steric interference in more detail, we have performed exact enumerations on lattice models of different molecular shapes (65) . The approach (2, 18, 65) is based on work by Freed and colleagues (5, 6, 27, (41) (42) (43) . Figure 8 shows the chemical potential for inserting different geometric shapes into a pure medium of other such molecules. At low densities, the chemical potentials for insertion are independent of shape because the molecules do not interfere with each other. Steric interference increases with density. At high densities, it is easier to insert a globular solute into a medium of globular molecules than it is to insert a more articulated solute into its pure medium, even for molecules of identical size. It is easier to put a marble into a box of marbles than to put a jax into a box of jaxes at the same density. We find that FH is applicable in some cases, but not in others (19, 65) . Articulated molecules, like crosses and L's, are more accurately treated by the FH model, while globular molecules are better treated by classical theories. Other studies show also that FH is a reasonable approximation for flexible chains, and a similar trend is observed in three-dimensional models (65) . (65) . Each curve represents the insertion of lattice molecules of a given shape into a medium of identical shapes, as a function of their density ρ in the medium.μ (S) is the entropic free energy change for inserting a shape, where the volume increase equals that of the solute added; q is the number of distinguishable orientations of a molecule. More positive values for the "chemical potential"μ (S) /(RT ) + ln q mean that insertion is difficult (65) . At low densities, insertions are easy, there is no steric conflict, and there is little dependence on shape because there is plenty of space. At high densities, more articulated shapes are more difficult to insert, and chemical potentials become strongly dependent on shape. The Flory-Huggins theory (FH) gives a reasonable approximation for articulated shapes, but classical approaches (ln ρ and ln X ) are better models for globular "boxy" shapes.
The steric interference interpretation says that a chain molecule's freedom to configure is coupled to its freedom to place its center of mass in space. It becomes increasingly challenging to find polymer configurations that are compatible with arbitrary distributions of centers-of-mass; therefore, configurational freedom per polymer molecule diminishes with polymer concentration. Thus FH theory applies to benzene in alkanes. Although benzene is near-spherical, its insertion changes the configurational freedom among the chains in the solvent, which should obey FH approximately. Therefore, FH theory is likely to be appropriate when solutes partition into polymeric media.
The steric interference argument suggests that FH theory should not apply, however, to media involving globular molecules, because the coupling between the orientations and center-of-mass translational degrees of freedom of globular molecules is small. This argument rationalizes why the classical theory is a better predictor of the Shinoda-Hildebrand experiments-the iodine solute is dissolved in near-spherical solvents (including some very short chains such as n-heptane) (53, 101, 102; see Figure 4 ). It also rationalizes why the classical treatment is most appropriate for the transfer of hydrocarbons from the gas phase (where there is no interference) to aqueous solutions (where only the RT ln ρ subtraction is needed, see above) (45, 106) . The steric interference picture is consistent with an extensive study on the solubility of hydrocarbons (64) , which showed that FH is a reasonable approximation for the combinatorial entropy contributions in dilute solution of compact molecules (e.g. short-chain, globular, or cyclic alkanes) in liquid long-chain n-alkane solvents.
The Free Volume Argument: Solutes Carry Private Packets of Empty Space into the Solution and Disperse Them Globally
In 1947, Hildebrand derived the FH expression using a different argument based on free volume (51) . A related treatment has been developed (100) based on the total solution volume rather than on steric coupling (19, 65) . Other models (12, 59, 98) also emphasize free volume. In general, the f c obtained from free volume models need not equal the FH value (98) .
According to free volume models, a solute molecule carries with it a packet of extra empty space when it enters solution. In this way, inserting a solute into a solvent can affect the total free volume of the solution. The resultant change in solvent entropy can be significant if this free volume change is dispersed globally throughout the solution. Compare the solute insertion processes in Figure 9 . Adding a solute to a solvent at a fixed position, without changing the solution volume, leads to crowding of the solvent molecules. As a result, the configurational entropy of the solvent is reduced by the insertion ( Figure 9A ). But when the solution volume is not held constant, the solvent configurational entropy change upon solute insertion may go up or down or not change ( Figure 9B ). Figure 9C shows that if the solute carries enough extra free space into the solvent, it can increase the solvent configurational entropy. Changes in entropy due to free volume would contribute to µ * in the molarity-based classical approach.
If there are free-volume effects, do they contribute to f c ? It depends on what we want to capture in the desired contact energy (ESE). In some applications, we want the ESE to account for all interactions caused by inserting the solute, regardless of whether the effects are local and global. As we argued above, this is what is required for the ESE(vacuum→water) in Equation 8 . In that case, f c = 0 because the solvent rearrangement entropy change for the experimental Figure 9 Three ways that free volume might affect partitioning (19) . Blank spaces on the lattice represent free volume. (A) Solute insertion at constant volume. Inserting the solute reduces the free volume, which reduces the configurational entropy of the solvent. (B) The solvent expands by a volume equal to the excluded volume of the solute. In this case, the free volume is unchanged, so the configurational entropy of the solvent is unchanged. (C) The solute carries extra free volume into the solvent. In this case, the total free volume increases, so the configurational entropy of the solvent increases.
volume condition would then be a component of the free energy we seek. In contrast, if we want the ESE to include only local interactions near the solute, then the global solvent entropy changes should not appear in the ESE, but should be subtracted from µ * by a proper f c . The physics of steric interference is different from the physics of free volume. Free volume models would subtract the FH f c (51) or a quantity of comparable magnitude (98) for any solute, including spheres, since free volume should apply to all molecules, not just to polymers. Some free volume models (51, 98) are applied to any size difference between solute and solvent in any solvation process, polymers or not. Conversely, steric interference should not apply to spheres, or to size differences in general, but it should apply to complex solutions even when there is no change in free volume (Figures 5, 6, and 8) . In some models, both steric and free volume effects apply (19, 66) .
Real transfer processes are usually at constant pressure, 1 in which case the total volume of the solution will increase to accommodate the inserting solute plus its free volume. Will this increase lead to an f c , resembling Equations 6 or 7? To obtain such an f c term from free volume models, the free volume must become fully delocalized throughout the solution, even far away from the inserted solute (51, 98) . This may not be a realistic assumption. Even for solute insertions involving large volume changes, as in electrostriction, changes in the packing density are unlikely to be spread uniformly throughout the solution.
COMPARING STERIC INTERFERENCE AND FREE VOLUME MODELS WITH EXPERIMENTS

Shinoda-Hildebrand Iodine Experiments
A major challenge for free volume models is to explain the Shinoda-Hildebrand experiment (53, (101) (102) (103) , because free volume models expect FH-like behavior for all solutes and solvents, polymeric or globular, which contradicts Shinoda-Hildebrand's data. Even though Figure 4 shows that the largest discrepancy between experiments and the FH prediction is only about 2.6 eu for (C 3 F 7 COOCH 2 ) 4 C (98), mole-fraction-based classical theory gives a much better accounting for the data. (19, 66) . Holding pressure constant is implicitly assumed in FH and other theories of lattice solutions (40, 47) . In such models, when a solute dissolves, the solution expands by exactly the size of the solute (37) (see Figures 5 and 6) . Extensions of FH that incorporate free volumes (19, 66, 67, 93, 94) show that the conventional FH solvation model corresponds to a constant pressure mixing of solute and solvent in the limit of infinite pressure, which is a reasonable approximation for constant pressure mixing at finite pressure in FH theory (19) . 2 As discussed above, subtracting RT ln ρ corresponds to fixing a solute position in the solution (7, 9, 19) . −R ln ρ does not necessarily give the entropy of solution because introducing a solute at a fixed position may change the solvent entropy. data are consistent with the mole-fraction-based classical approach, the excess entropies should correspond to − f c /T , where f c is given by Equations 4 and 5. The quantity ξ 1 in Figure 10 is the fraction of space filled by the solvent. Since the correct value of ξ 1 is not known accurately, we used the full hard-sphere model of Sharp et al to compute the excess entropy over a range of ξ 1 's to find the point of best agreement of their theory with the data. For the larger solvent (V 1 = 540 cc), we found no value of ξ 1 that gave an entropy error less than 0.92R = 1.8 eu. This appears to be considerably larger than experimental error. Similar discrepancies were found for the smaller solvent in Figure 10 and one other solvent that Sharp et al studied (98) . 3 Therefore, we are not yet persuaded that free volume models account for the Shinoda-Hildebrand data. 4 Either free volume effects in solution are small, or free volume does not distribute globally, as such models assume (90a).
Water-Alkane Partitioning
Consider the decomposition of the process of transferring benzene between alkanes and water, Benzene in alkane benzene in water,
into two component processes:
Benzene in alkane pure benzene gas (10a) and Pure benzene gas benzene in water.
In earlier work (23, 98, 99) , FH was applied to both the alkyl (Equation 10a) and aqueous (Equation 10b) phases, and − f c was given by Equation 6 , where V , V 1 , and V 2 are the molar volumes of benzene, water, and the given alkane, respectively. On this basis, the hydrophobic contact free energies ( Figure 3C , left vertical scale) are about 30% stronger than when using mole-fraction classical solution theory ( Figure 3A ). But the steric interference perspective implies that the FH theory should be applied only to the solute in the polymeric phase, and f c should be set to zero for the vacuum-water transfer Equation 10b (see Equation 8) . As a result, we think this scale overestimates the hydrophobic free energy. What is the appropriate f c (oil→vacuum) for the alkane-to-vapor transfer of benzene? There remain different opinions. Kumar et al (66) argue that − f c for this process should still be given by Equation 6 , except with V 1 equal to the molar volume of methylene groups rather than water. They argue that a methylene group occupies one lattice site in the FH model, because the vacuum is modeled by a lattice filled with inert solvent monomers (19, 66) . Since the size of a methylene group is comparable to that of a water molecule, Kumar et al conclude that their f c for the alkyl-phase component process is approximately equal to the f c in the De Young-Dill analysis that applies FH to both phases (23) . But their underlying assumption that benzene vapor behaves like a six-segment chain remains untested.
In contrast, the steric interference perspective suggests that the f c (oil → vacuum) for the alkane solution-to-vapor transfer of benzene is essentially the same as for the transfer from the alkane solution to pure liquid benzene. This is because benzene is globular, so there should be little steric interference among benzenes in the pure liquid. In that case, f c for the alkyl phase is given by Equation 7 , where V 1 and V 2 are the molar volumes of the alkane and benzene, respectively. This model predicts weaker hydrophobic contact energies ( Figure 3C , right vertical scale), about 20% lower than is predicted from the mole-fraction based classical theory in Figure 3A . But this argument is also problematic because FH is not accurate for solutions with globular molecules (Figure 8 ).
Which hydrophobicity scale in Figure 3C more accurately reflects the intrinsic interactions? The answer to this question requires theory more rigorous than FH for treating the alkane polymers and benzene. It may also be necessary to consider the increase in alkane density with increasing chain length. Both scales in Figure 3C show that FH correctly accounts for a free energy proportional to the ratio of benzene to alkane volumes. But FH theory is inadequate for more quantitative modeling.
Xenon in Alkanes
FH theory may also account for the solubility of xenon in alkanes as a function of their chain lengths. The data are from Pollack & Himm (84) and were reformulated by Ben-Naim and Marcus (9, 13) into the solvation Gibbs free energy
where G * is their notation for µ * ; and ρ 1 and ρ 2 are the equilibrium concentrations of xenon in the gas and alkane phases, respectively. The upper curve in Figure 11 shows that G * depends on the alkane chain length. BenNaim (9) explained this trend by assuming that xenon has a different interaction with methyl groups than with methylene groups. Thus different chain lengths would result in different numbers of CH 3 and CH 2 neighbors for each xenon atom. However, PVT theories (38) and thermodynamic measurements on alkane Figure 11 Flory-Huggins theory rationalizes xenon solubility in alkanes of different chain lengths, n, at 20 • C (9, 13, 84). The upper curve shows the solvation free energy G * from Ben-Naim & Marcus (9, 13) using the molarity-based classical approach. As discussed earlier for benzene, G * does not appear to reflect only the chemical change in the environment, since it depends on alkyl chain length. (V 2 is independent of n.) The Flory-Huggins theory, with f c = −V 2 RT (1 − 1/n), eliminates the chain length dependence for n > 8. V 2 is a fitted parameter that represents the ratio of volumes of xenon to a chain monomer unit in the FH formulation.
systems indicate that the difference between methyl and methylene interactions may be small (4, 82) .
The Flory-Huggins model gives a simpler accounting for the xenon data, with a single interaction energy. For the transfer from gas to liquid, application of the FH theory gives
Here n is the number of carbon atoms in the alkyl chain, χ is the Flory parameter that describes the intrinsic interaction between xenon and a methylene or methyl group, 22 is the contact energy between xenons, and z is the coordination number of the model lattice. According to FH theory, V 2 is the ratio of xenon volume to chain monomer unit volume. This relation predicts that G * vs 1 − 1/n should give a straight line, or G * /(V 2 RT ) − (1 − n −1 ) should be constant. Figure 11 shows that this prediction fits well, with a single interaction energy. As with the benzene data, the FH model universalizes this data sensibly.
But there is a caveat. The fitted value of V 2 ≈ 5.5 is larger than the true ratio of volumes of xenon to a methylene group. Thus the physical meaning of this parameter is unclear. As with benzene, it is doubtful that FH gives accurate predictions for the configurational entropy of pure xenon. Quantitative accounting of the xenon data will require theoretical developments beyond the FH approximation.
Pure Alkanes
How can we determine the degree of steric interference in pure alkanes? Data from aqueous solubilities (75) and vapor pressures (9, 14) do not provide the answer. Sharp et al (99) analyzed alkane solubilities (see Figure 2 ), but they assumed that all unwanted free energies caused by steric interference and other effects are correctly subtracted by FH theory. On this basis, they predicted that hydrophobic interactions are worth 47 calÅ −2 mol −1 . But models based on steric interference suggest that these assumptions are not generally valid. For instance, FH does not give the correct ESE for the dimers in Figure 5 . Current models are limited to lattices, they neglect chain stiffness, and they do not accurately treat free volume, or chain orientations (3, 4, 16, 77, 82) . Moreover, the temperature dependence remains puzzling. Although the FH procedure eliminates the chainlength dependence of µ * , it does not rationalize the observed enthalpy-entropy compensation (9, 14) . Better statistical mechanical theory is required.
Cyclohexane as Solvent
From the perspective of the steric interference model, cyclohexane is a more ideal solvent than octanol or alkyl chains, since it is near-spherical. Thus classical approaches are expected to be appropriate for Radzicka & Wolfenden's cyclohexane-water transfer data of methane, propane, butane, and 2-methylpropane (90) , which have been summarized by Sharp et al (99) . On that basis, and using solvent accessible areas (71), the hydrophobic contact free energy is estimated to be approximately 34 calÅ −2 mol −1 . This is a (ESE) quantity that does not depend on whether mole-fraction or molarity is used. Its value is closer to the 31 calÅ −2 mol −1 obtained from mole-fraction analysis than to the 47 calÅ −2 mol −1 obtained from FH theory from n-alkane solubility data (75) (see Figure 2) . Until better theory and further experiments are available, 34 calÅ −2 mol −1 seems to be the best current average estimate for the strength of liquid-state hydrophobic interactions.
SUMMARY
Oil-water partitioning, solubilities, or vapor pressures of small compounds are used widely in biomolecular modeling. Extraction of energetic quantities from the small-molecule model transfer data requires knowing the nonidealities. A common type of experiment partitions homologous series of solutes between two given phases. The nonidealities that are well known are solute-solute interactions, which are eliminated by extrapolating the concentrations to infinite dilution. Here we focus on a lesser-known type of "nonideality"-that is, on the complexities in the interactions among solvent molecules. For these, the few experiments that have been performed involve systematic variation of the sizes of solvent molecules, for a given solute.
If the solvent involves alkyl chains of different lengths, the chain-length dependence of solvation free energy is well rationalized by Flory-Huggins theory. But if the solvent involves globular or near-spherical molecules of different radii, mole-fraction-based classical solution theory works well. Two physical principles have been proposed to account for the observed complexities or "nonidealities" in alkyl solvents: steric interference among solvent chains or the free volume drawn into solution by the solute.
We believe the steric interference model, which was Flory's basis for his model, is more consistent with the extremely low compressibilities of liquid solutions, and with the adequacy of classical solution theory in accounting for partitioning in globular solvents. We believe an important conclusion from the work reviewed here is that for the many experiments involving octanol or other chain solvents, solvent energies obtained from partitioning are better rationalized in terms of FH theory than by classical solution theory. But Flory-Huggins theory is also limited by some unrealistic assumptions and approximations. Further progress will require new experiments, particularly involving systematic studies of solvents, and more rigorous theory. The ultimate goal of this effort is better models for biomolecular energetics.
